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The Acanthamoeba cyst specific protein 21 (CSP21) gene is tightly repressed in growing cells and highly induced early during
differentiation into a dormant cyst. This increase is mediated by the rate of transcription of the CSP21 gene as determined by nuclear run-on
assays. The promoter region of the CSP21 gene was analyzed by transcript start site mapping and in vitro transcription of wild-type or mutant
templates, using extracts from growing cells. A sequence located 3Vto a modified TATA box completely inhibits transcription and removal of
this region permits robust transcription utilizing a start site approximately 35 base pairs downstream of the TATA box. Sequences 5V to the
TATA box had no effect on transcription, suggesting that anti-repression is the only mechanism required for CSP21 induction. Fractionation
of nuclear extracts yielded a fraction capable of transcription from the CSP21 promoter, and a fraction containing a promoter-specific
repressing activity. Anti-repression may thus be a major mechanism regulating differentiation or maintenance of the proliferative cycle in
Acanthamoeba.
D 2004 Published by Elsevier B.V.Keywords: CSP21; Gene induction; Acanthamoeba; RNA polymerase II; Promoter; Repressor1. Introduction
Acanthamoeba is a small free-living amoeba associated
with the corneal disease Acanthamoeba keratitis [1–3].The
life cycle of Acanthamoeba is characterized by the ability of
growing cells to leave the proliferative cycle and differentiate
into a dormant, drug-resistant cyst when unfavorable con-
ditions or certain drugs are encountered [4]. The mature cyst
is encapsulated within a double cell wall containing mostly
cellulose and a relatively small number of proteins [4].
The Acanthamoeba developmental pathway is dependent
on expression of genes encoding cyst specific proteins.
Examples include the genes necessary for cellulose synthe-
sis [5], several cyst cell wall proteins [6–8] and polyphenol
oxidase [7]. The cDNA encoding the cyst specific cell wall
protein, CSP21, has been isolated and cloned [8]. The
protein and its mRNA are undetectable in trophozoites,0167-4889/$ - see front matter D 2004 Published by Elsevier B.V.
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entiation followed by the appearance of CSP21 protein [8].
However, the possibly shared mechanisms that lead to
induction of CSP21 and other cyst specific proteins are
completely unknown.
Differentiation is also accompanied by coordinate down-
regulation of transcription from the large rRNA gene, the 5S
rRNA gene and several ribosomal protein genes [9–12].
However, the rates of transcription of TATA box binding
protein (TBP), TBP promoter binding factor (TPBF), S-
adenosylmethionine synthetase, protein disulfide isomerase,
tubulin, myosin, actin, extendin or ubiquitin genes are
unchanged [13]. The rates of transcription of profilin and
two cyclin-dependant kinases are somewhat increased dur-
ing the first 16 h of differentiation [13]. Related observa-
tions show that the level and activity of RNA polymerase II
remain constant during differentiation [14]. Taken together,
these results demonstrate that RNA polymerase II and the
factors necessary for transcription remain intact during cyst
formation.
In considering likely strategies used by Acanthamoeba to
coordinate its development, one can be guided by studies
that have elucidated the developmental programs used by
model organisms such as Dictyostelium, yeast, Giardia,
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of these examples, the developmental regimen is mainly
controlled at the level of transcription; new transcription
factors are activated, which regulate the expression of genes
necessary for development. In Aspergillus, the sequential
induction of three transcription factors, brlA, abaA and
wetA, controls the timed expression of classes of genes
required for conidiophore development [18]. In the yeast S.
cerevisiae, coordinated regulation of sporulation and meio-
sis is mediated by sequential activation of Ime1 (a tran-
scription factor) and Ime2 (a protein kinase), which regulate
transcription of large numbers of meiosis specific genes
[20]. Later stages in spore formation require Ndt80, a
middle stage transcription factor [22]. Developmental con-
trol in higher eukaryotes is also often mediated by the
effects of transcription factors. Examples include GATA1
in the erythropoietic lineage and Pit1 in developing pituitary
or MyoD in myogenesis [23–28]. Thus, transcriptional
regulation of differentiation has been applied remarkably
broadly throughout evolution.
Although activation of gene expression is the primary
mechanism used by differentiating cells, the same special-
ized genes may be repressed in growing cells. In yeast,
meiosis-specific gene expression is repressed during growth
by the repressor RME1 [20]. It seems possible that growing
Acanthamoeba will also contain repressors of cyst-specific
gene expression, since a low level of basal transcription
might otherwise be expected to occur. Repression can be
achieved by a wide variety of specific DNA-binding
proteins, of which Acanthamoeba TPBF is an example
[29–33]. Repression may also occur as a consequence of
more general phenomenon such as chromatin folding
[34,35].
In the present study, we have investigated by in vitro
transcription the mechanism of induction of the Acantha-
moeba CSP21 gene promoter during differentiation. We
demonstrate that the CSP21 gene is induced at the level of
transcription and our results show that CSP21 expression is
tightly repressed in actively growing cells by a DNA
binding protein that recognizes sequences downstream of
the TATA box. No evidence was obtained for involvement
of an activator, suggesting that anti-repression may be
necessary and sufficient for cyst-specific gene expression.2. Experimental procedures
2.1. Construction of CSP21 promoter mutants
CSP21 promoter clones were obtained by PCR from
Acanthamoeba genomic DNA and subcloned into pSK ( )
[36,37]. Each clone was sequenced and compared to CSP21
genomic (GenBank AB023410) and CSP21 cDNA (Gen-
Bank AB010283) clones [38]. We also obtained a CSP21
genomic clone from Dr.Hirukawa, National Institute of
Infectious Diseases, Tokyo, Japan.2.2. Cell culture, nuclear extract preparation and nuclear
run-on assays
Acanthamoeba cultures were grown to 5 106 cells/ml
as described previously [39]. For encystment, cells were
centrifuged and resuspended in encystment medium to a
density of 2.4 105/ml [13,40], and cultured for 16 h. Cells
were harvested in 10 mM HEPES (pH 7.5), 15 mM KCl,
2mM MgCl2, 1 mM dithiothreitol, and immediately used for
nuclei isolation and nuclear extract preparation [39]. Nucle-
ar run-on assays were performed as previously described
[13]. A transformation-sensitive protein homologue gene
(extendin), whose expression is reduced during encystment
[13], was used as a reference gene (GenBank AAB49720).
2.3. RNA primer extension
Acanthamoeba total RNA was isolated using a guani-
dinium isothiocyanate procedure [41,42]. Five micro-
grams of total RNA was annealed with 50,000
cpm of end-labeled CSP21 gene-specific primer (5V-
TTCCACTCCTCGCGGTCGATGTCGCCGTAC-3V) in 10
Al of 20 mM Tris–HCl (pH 8.3) and 0.4 M KCl. Mixtures
were heated to 65 jC for 10 min and gradually cooled to 42
jC. Reverse transcription was performed at 42 jC for 1 h in
a 40-Al reaction containing 55 mM Tris–HCl (pH 8.3), 6
mM MgCl2, 100 mM KCl, 0.25 mM of each dNTP, 2 units
of RNasin (Invitrogen), and 20 units of SuperScript II
reverse transcriptase (Invitrogen). Primer extension products
were ethanol-precipitated and analyzed by 6% polyacryl-
amide gel containing 1 TBE buffer and 8 M urea [37,43].
Similar results were obtained with mRNA.
2.4. In vitro transcription
Transcription was performed as previously described
[37]. Two-hundred nanograms of promoter subclone plas-
mids and 5 Al of nuclear extract or fractions were co-
incubated for 1 h in a 50-Al volume containing 25 mM
HEPES (pH 7.5), 2% glycerol, 10 mM Mg acetate, 75 mM
potassium acetate, 2 units of RNasin, and 0.4 mM of each
NTP. Reactions were quenched by 150 Al of 0.4 M sodium
acetate (pH 5.2), and then phenol/chloroform-extracted and
ethanol-precipitated. The resulting pellets were annealed
with primer RTA4: (5V-GCGATTAAGTTGGGTAACGC-
CAGGGTTT-3V), or primer RTA3: (5V-CAATTTCACA-
CAGGAAACAGCTATGAC-3V) and analyzed following
the abovementioned primer extension protocol.
2.5. Fractionation of nuclear extract
Nuclear extracts were fractionated on Bio Rex 70 (200–
400 mesh) in column buffer (CB: 20 mM HEPES [pH 7.5],
0.2 mM EDTA, 10% v/v glycerol, 1 mM DTT, 0.2 mM
PMSF, 2 Ag leupeptin/ml and 2 Ag pepstatin/ml) containing
75 mM (NH4)2SO4. The flowthrough was dialyzed vs. CB
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were eluted with CB containing 300 mM (NH4)2SO4, and
dialyzed against CB containing 200 mM KAc.Fig. 2. Nuclear run-on assays of the CSP21 gene in nuclei from growing or
differentiating cells. Labeled RNA prepared from nuclear transcriptions
using nuclei from growing cells (0 h) or encysting cells (16 h), was
hybridized to a membrane containing bound DNA from the CSP21 gene or
the extendin gene as indicated (Section 2). After extensive washing, filters
were exposed to film for 48 h. Equal counts were used in each
hybridization.3. Results
3.1. Identification of the CSP21 transcription start site
As a first step in the analysis of CSP21 gene induction,
we identified the transcription start site within the CSP21
gene promoter. Total RNA prepared from actively growing
Acanthamoeba cells or Acanthamoeba induced by starva-
tion to differentiate was analyzed by primer extension (Fig.
1). RNA from growing cells produced no specific primer
extension product, as anticipated from earlier studies [8],
and confirming that the CSP21 promoter is not expressed
during normal growth. RNA from encysting cells produced
a robust extension product, identifying a major transcription
start at  46 relative to the ATG translation initiation codon
[8]. This transcription start site is approximately 35 nucleo-
tides downstream from a modified TATA box, and is
referred to as + 1. A similar result was obtained on several
occasions using either mRNA (poly A+ RNA), or total
RNA.
3.2. Nuclear run-on assays demonstrate CSP21 tran-
scription control
Nuclear run-on assays [13] were conducted in order to
determine whether the increased abundance of CSP21
mRNA in differentiating cells is due to an increased rate
of transcript initiation, as opposed to an increase in mRNA
stability. As shown in Fig. 2, virtually no signal above
background is obtained from nuclei of growing cells,
whereas a moderately strong signal is produced by nuclei
from cells encysted for 12 h. In contrast, the signal from the
extendin gene is reduced, as anticipated from earlier work
[13]. These results clearly demonstrate that the Acantha-Fig. 1. Identification of the CSP21 gene transcription start site. (A) Sequence of
transcription start site is underlined in bold, and the ATG translation initiation codo
from growing cells (0 h) or encysting cells (16 h). The arrow denotes the major ext
determine the position of the transcription initiation site.moeba CSP21 gene is up-regulated during differentiation by
an increase in the rate of transcription initiation.
3.3. In vitro transcription from the CSP21 gene promoter
Repeated attempts to obtain accurate in vitro transcription
from the CSP21 gene promoter using extracts from growing
cells were unsuccessful (not shown). Similarly, supplement-
ing these extracts with extracts derived from 12-h cysts also
failed to produce a signal. At face value, these results
suggested that a simple model in which an activator is
induced during differentiation could not be applied to the
CSP21 gene promoter. In addition, we were concerned that
the modified TATA box within the CSP21 promoter
(TATAAGA) might not be functional. We therefore con-
structed several templates to test the effects of sequences
upstream and downstream of the TATA box on transcription
(Fig. 3). Additionally, we tested whether an optimal TATA
element (TATATAA) could support transcription in the
context of the CSP21 gene promoter. In this experiment,
removal of a repressive element should result in transcrip-
tion, assuming that no additional activators are needed.
None of the 5Vdeleted templates produced an accurate
transcript (Fig. 3, lanes 1–4). When an optimal TATA
element (TATATAA) is placed within the 5Vdeleted CSP21a portion of the CSP21 gene. The TATA sequence is shown in bold, the
n is in underlined italics. (B) Primer extension analysis of CSP21 transcripts
ension product. Lanes labeled T, G, C or A are sequencing reactions used to
Fig. 3. In vitro transcription of the CSP21 gene and derivatives in Acanthamoeba nuclear extracts. Templates derived from the CSP21 gene were used for in
vitro transcription reactions using Acanthamoeba nuclear extracts as described in Section 2. The structure of each template is shown above each lane: vector
sequences from pSK are not shown, but are identical for each construct. The numbered arrows to the left and right of the figure indicate the position of the
correct transcript and the appropriate lane numbers.
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3, lane 4), suggesting that sequences 3V to the TATA box
have a strong negative effect on transcription which is
independent of the actual TATA sequence.
Deletions from the 3Vside of the TATA box result in a
strong transcript of the predicted size when sequences
around the start site or upstream as far as the TATA box
are removed (Fig. 3, lanes 5–12). The deletion closest to the
TATA box produces the strongest signal, and the canonical
TATA box behaves similarly to the wild-type TATA box,
although the signal is somewhat stronger and we note a shift
in start site usage with the TATATAA-containing template
(compare lanes 7 and 8). We infer that the region between
the TATA box and + 61 contains one or more repressor
elements.These experiments also tested whether upstream sequen-
ces might further stimulate transcription when the repressor
element is removed. When assayed in extracts from growing
cells, removal of upstream sequences had little or no effect
on the level of transcription, even if the sequences 3V to the
TATA box were absent (Fig. 3, lanes 5–12). We note a
modest increase in the level of transcription supported by
the 3V-25 deleted construct when upstream sequences are
absent. However, this effect is slight when compared to the
increase in template activity when sequences downstream of
the TATA element are removed (above), and its basis has not
been further characterized. When reactions were supple-
mented with cyst extracts, there was no additional stimula-
tion of transcription (data not shown), which at face value
suggests that CSP21 gene expression does not require a
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repressor which is present in extracts from growing cells.
The results described above could be due to binding by a
specific repressor to the sequences downstream of the
CSP21 TATA box, or due to some unusual feature of this
sequence which renders it unfavorable for initiation by
polymerase II. For example, the sequence between the TATA
box and + 27 is remarkably rich in CA residues, and CACC
is repeated several times (Fig. 1). In order to determine
whether the sequence between the TATA box can function in
either orientation (typical of protein-binding sequences),
templates containing an inverted sequence were constructedFig. 4. In vitro transcription of the CSP21 gene and derivatives in HeLa nuclea
transcription reactions using HeLa nuclear extracts as described in Section 2. The
pSK are not shown, but are identical for each construct. The numbered arrows t
and the appropriate lane numbers. The asterisks indicate nonspecific transcripts tand assayed by in vitro transcription (Fig. 3, lanes 13–15).
Such constructs are essentially inactive, demonstrating that
the repressive effects are orientation-independent, and most
likely due to a DNA binding activity (see also below). We
note that this sequence does not mediate repression when
placed upstream of the TATA box (not shown).
3.4. CSP21 repression is Acanthamoeba-specific
In order to determine whether repression is species-spe-
cific, we assayed the various templates described above in a
HeLa cell extract; if repression is due solely to an unusualr extracts. Templates derived from the CSP21 gene were used for in vitro
structure of each template is shown above each lane: vector sequences from
o the left and right of the figure indicate the position of the correct transcript
hat are thought to originate within vector sequences.
Fig. 5. Fractionation of Acanthamoeba nuclear extracts on Biorex 70 demonstrates the existence of a promoter-specific repressor. Acanthamoeba nuclear
extract was fractionated on BioRex as described in Section 2, and the resulting fractions were assayed individually or in the combinations indicated in panel B.
Panel A shows the structures of the three templates used. Panel B shows the results of the transcription reactions using the indicated fractions. The numbers on
the top and sides of the figure indicate which template was used and the position of the relevant transcript, respectively.
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since HeLa RNA polymerase II and Acanthamoeba RNA
polymerase II are expected to have similar sequence toler-
ances [39]. Conversely, if repression is due to a DNA binding
activity specific to Acanthamoeba, then all templates should
be equally active. As shown in Fig. 4, all templates produce
transcripts of the expected size and in similar amounts when
assayed in HeLa extracts. Interestingly, the difference in the
position of the start site when wild-type or TATATAA
templates are used is also seen in the transcripts produced
by HeLa extracts. These data support the idea that CSP21
gene expression is repressed by an amoeba-specific repressor.
3.5. Fractionation of Acanthamoeba nuclear extracts
identifies a sequence-specific repressor
The data above suggest the presence of a sequence-
specific repressor which is responsible for the observed
inactivity of the CSP21 promoter in nuclear extracts from
growing cells. In order to examine this idea more directly,
nuclear extracts were fractionated on BioRex 70, to yield twofractions; the flowthrough and the 0.3 M eluate, which were
used for in vitro transcription (Fig. 5). Remarkably, while the
starting nuclear extract is unable to transcribe the intact
CSP21 promoter, the BioRex flowthrough produces a rea-
sonable signal from the same construct. When the BioRex 0.3
M eluate was included in the reaction, the intact promoter is
repressed, whereas the 3Vdeleted templates are substantially
stimulated. The BioRex eluate contains substantial amounts
of TBP and RNA polymerase II (not shown) and this
accounts for the general stimulation. These results strongly
argue for the existence of a sequence-specific repressor.4. Discussion
The data shown here support a model in which the
Acanthamoeba CSP21 gene is repressed in actively growing
cells and becomes active during differentiation as a conse-
quence of removal of a CSP21 gene-specific repressor. First,
removal of the promoter sequence surrounding the start site
converts a completely inactive template to an active pro-
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either orientation and can repress transcription driven by
an optimal TATA box. Third, the CSP21 gene and all
derivatives are equally active when assayed in a HeLa
extract, which essentially rules out the possibility that
specific sequences repress transcription by some inherent
property. Finally, fractionation of nuclear extracts yields a
fraction which can transcribe either wild-type or deleted
templates and a fraction which, when added back to
fractionated extract, can restore repression in a promoter-
dependent fashion. This is the first analysis of the mecha-
nism of induction of a cyst-specific gene, and provides a
useful beginning toward understanding the mechanisms
used during differentiation.
It is conceivable that several cyst-specific genes could be
coordinately induced by the same mechanism. The idea of
relief from repression is also supported by previous work
which showed that the pol II transcription apparatus remains
active during the first 12–16 h of differentiation [13,14],
which permits the expression of genes required for the
developmental program. Indeed, those studies showed a
four- to fivefold increase in total RNA polymerase II
activity in isolated nuclei. Conversely, studies using dis-
tamycin A to inhibit transcription in encysting cells showed
directly that transcription is necessary for Acanthamoeba
differentiation [40].
As noted earlier, we had anticipated a requirement for a
cyst-specific activator which could function with or inde-
pendently of a repressor, perhaps analogous to RME1 and
IME1 in yeast [20,22]. Our experiments, however, failed to
detect such an activity in extracts prepared from 12-h cysts.
It remains possible that the assay conditions used here or the
method of extract preparation precludes the detection of
such an activator. Therefore, we do not rule out the possi-
bility that additional mechanisms contribute to CSP21
induction.
Attempts to further purify the repressor have thus far
resulted in loss of activity suggesting that it is labile, or that
it consists of more than one component. An example of a
precedent for co-repressors comes from the protein Grou-
cho, which is involved in repression of promoters respon-
sive to the Wnt signalling pathway [44]. Groucho can be
replaced by B-catenin, which converts a repressor to an
activator. In that case, the DNA binding moiety of Lef-1
provides the anchor point for activity but does not by itself
determine the outcome of binding. The repressor identified
in this study interacts with a promoter region contained
between  7 and + 61. While the precise sequence involved
in binding has not been delimited here, it is possible that
more than one protein could bind independently to this
region.
The CSP21 promoter contains the non-consensus TATA
box: TATAAGA. A crystal structure of the complex be-
tween this sequence and TBP showed that the G residue
could be accommodated by a pocket in the concave DNA-
binding surface of TBP [45]. This sequence is functional asdetermined here, and is comparable in activity to a consen-
sus TATA box, although we note a subtle difference in start
site selection when the two are compared. Previous work
has suggested that the TATA sequence can determine
whether a promoter is responsive to certain activators or
whether TAFs are required for expression [46–48]. The
modified TATA box of the CSP21 promoter does not appear
to be necessary for repression, since a canonical TATA box
behaves in an identical fashion. Interestingly, like other
TATA boxes [49–51], the CSP21 TATAAGA is functional
in both orientations, suggesting that even on this very
asymmetric TATA box, TBP or TFIID can bind in both
orientations (data not shown).
In many cases, gene induction or repression can be
augmented by chromatin remodeling [34,35]. While we
have not directly examined the chromatin structure of the
CSP21 gene, we note that the 3V flanking region of the
CSP21 gene contains sequences which are expressed in
growing cells suggesting that the CSP21 gene is not
chromatin repressed in a global sense. Similarly, the histone
deacetylase inhibitor trichostatin A [52] failed to induce
CSP21 gene expression (T.O and E.B., results not shown).
Although preliminary, these results do not support a major
role for chromatin remodeling in CSP21 gene induction.
During differentiation, transcription of the Acanthamoeba
5S RNA gene is down-regulated [10,13]. In that case, the pol
III specific factor TFIIIA is reduced in abundance or activity
by an as yet unknown mechanism [10]. It will be of interest
to determine whether the loss of the repressor controlling
CSP21 gene expression is related mechanistically to the loss
of TFIIIA. The eventual availability of purified and cloned
components will help elucidate the possibly shared path-
ways which lead to gene silencing in the case of 5S RNA
and gene activation in the case of CSP21.Acknowledgements
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